Editorial Comment Intravascular Ultrasound
Looking Below the Surface of Vascular Disease Paul G. Yock, MD, and David T. Linker, MD In the past 2 years, intravascular ultrasound has emerged as a promising new imaging modality for the study of vascular disease. Early clinical trials, most published in preliminary form, have demonstrated that catheter ultrasound can detect significant features of vascular pathology that are inaccessible by conventional techniques.1-6 The favorable outcome of recent pilot studies in human coronary arteries suggests that catheter ultrasound may be useful clinically in assessing coronary lesions and guiding catheter-based interventions. 7, 8 Initial Development
Although intravascular ultrasound has gained significant attention only recently, developmental efforts date back to 1960, when Cieszynski used a catheter-mounted transducer to record intracardiac A-mode echograms in dogs. 9 The first two-dimensional catheter imaging system was designed by Born and colleagues in 1972, using a solid-state transducer array of 32 elements arranged radially at the tip of a See p 1575 9F catheter.'0 This technology proved to be ahead of its time clinically; at that point, catheter ultrasound was conceptualized primarily as a way of obtaining images of the cardiac chambers from within the heart rather than as a method of imaging vessels.
In the early 1980s, the proliferation of balloon angioplasty and the introduction of secondgeneration laser and atherectomy catheters created new interest in high-resolution vascular imaging. Universityand industry-based teams began to explore the feasibility of different approaches to the miniaturization of ultrasound transducers and the design of appropriate catheter delivery systems. One group pursued a solid-state transducer similar to Bom's design, with an innovative integrated circuit configuration at the catheter tip to provide sequenc-The opinions expressed in this editorial comment do not necessarily reflect those of the editors or of the American Heart Association.
From the Department of Medicine and Cardiovascular ing of the signals from the individual transducer elements.' Several other teams chose mechanical transducer designs, based on anticipated advantages in image quality over the solid-state approach. [2] [3] [4] 11, 12 In these mechanical systems, a flexible cable within the catheter rotates the transducer directly or rotates a reflector adjacent to a stationary transducer. In both solid-state and mechanical approaches, the image format is a two-dimensional "slice" of the artery perpendicular to the catheter tip, similar to a pathological cross-section of the vessel. These systems have been designed to operate at much higher frequencies than conventional cardiac ultrasound -20-40 MHz compared with 5 MHz and less -to take advantage of the improved resolution provided by shorter wavelengths of the beam.
Early In Vitro Studies Pilot studies correlating the features of the intravascular ultrasound scans with the histopathological structure of the vessel wall have been published recently. One important finding from these early studies is that in muscular arteries (including the coronary system), the media can be differentiated from the intima and adventitia by its relatively poor reflectance of ultrasound back to the transducer. In a preliminary report, a characteristic three-layered appearance of these vessels, with the dark medial layer serving as a distinctive reference band, was considered highly useful in defining the outer boundary of an accumulation of plaque. 13 Meyer and colleagues demonstrated an excellent correlation between the ultrasound definition of these layers and high-resolution magnetic resonance scanning.14 Gussenhoven and coworkers used a 40-MHz transducer to evaluate the appearance of different plaque types from pathological specimens.12 They demonstrated that fibromuscular lesions generally imaged as soft (weakly echo-reflective) regions, whereas fibrous tissue and calcified regions gave much brighter signals. A preliminary report by Mallery et al15 identified the appearance of lipid "lakes" in atheroma as echolucent zones in the ultrasound image; Nishimura and colleagues16 emphasized that the three-layer appearance could not be clearly differentiated in elastic arteries such as the aorta and that discriminating the border between atheroma and media could be dif-ficult, even in muscular arteries in the presence of severe atherosclerosis.
Several other preliminary reports have analyzed the accuracy of the ultrasound images in measuring lumen size and wall thickness.15"7-19 Correlations with histological measurements have been uniformly high, although measurements of the dimensions of the layers and overall wall thickness have been reported to be less accurate than lumen area determinations. This reflects the fact that the rendering of the layers of the muscular artery in the ultrasound image is complicated by the acoustic properties of the tissues involved. The lumen/intima and media/ adventitia interfaces are in general accurately represented on the ultrasound scan: both interfaces have a relatively large increase in acoustic impedance as the beam passes through. The intima/media interface may also provide a significant change in impedance, particularly in the presence of a prominent internal elastic lamina. At this interface, however, there is a "trailing edge" effect that can result in a spreading or blooming of the intimal image. The net result is that the transition is obscured, the intima appears thicker than by histological determination, and the media appears correspondingly thinner. A wall thickness combining intima and media, however, corresponds closely to the histological dimension.19
The Present Study In this issue of Circulation, Potkin and colleagues20 report the results of systematic comparison of ultrasound images with corresponding histological sections from excised human coronary arteries. The ultrasound system consisted of a rigid, 25-MHz transducer/ reflector apparatus that was hand-rotated to generate two-dimensional images. The major contribution of the study was to extend and begin to quantify the early observations concerning the potential of intravascular imaging in discriminating different plaque types in coronary arteries. The authors of the present study found that fibrous and calcific plaques were correctly identified in 77% and 83% of coronary artery sections studied, respectively. Both of these plaque types are highly echogenic; the presence of acoustic shadowing beyond the plaque was used as the major criterion for the presence of calcification. 12 Significantly less success was achieved in identifying lipid-containing and mixed (fibrous, lipid, calcific) plaques, with accuracy by the authors' scoring system of 23% and 43%, respectively. The authors point out that lipid-filled regions are hypoechoic and therefore more likely to be obscured by overlying or neighboring regions of fibrosis and calcification.
The careful morphometric comparisons between ultrasound scans and histological sections performed in this study confirm some basic early concepts regarding quantitative measurements using intravascular imaging. The authors found a fairly good correlation between lumen cross-sectional area measured by ultrasound with the histological area determination (r=0.85). As they point out, the artifactual changes in cross-sectional area induced by processing the artery specimens undoubtedly account for a large share of the discrepancy. The wall thickness correlations presented in this manuscript are for a combination of plaque-plus-media thickness because the border between plaque and media was indistinct in some regions of severe atherosclerosis. Using this most favorable wall thickness parameter from the ultrasound scan to compare with histological wall thickness, correlation was close with an r value of 0.92.
Clinical Applications
The transition from in vitro to in vivo imaging places many demands on the catheter system that can potentially compromise image quality. Despite these factors, early clinical studies have demonstrated that high-quality images can be obtained in vivo and that the same basic morphological features are seen as in the in vitro studies. Although blood itself is frequently imaged with a swirling, cloudy appearance, the blood signals do not in general compromise visualization of arterial wall architecture. This gives intravascular ultrasound a distinct practical advantage in comparison to fiberoptic angioscopy, where a flushing/occlusion system is necessary for successful visualization. A more fundamental difference between these technologies is the basic image format: while angioscopy provides high-resolution imaging, it is limited to the luminal surface. Intravascular ultrasound images below the surface to reveal details of the distribution of atheroma within the vessel wall and the thickness of the wall in all directions.
The clinical ultrasound images have confirmed what surgeons and pathologists have emphasized in the pastthat angiography underestimates the extent of atherosclerotic disease in general and can be greatly misleading in predicting the distribution of plaque in any given portion of the vessel wall. By comparison, as the study of Potkin and colleagues20 clearly demonstrates, an abundance of morphological information potentially is available from the ultrasound scans.
Several factors that will influence the clinical usefulness of this information are identified in the Potkin study. From the standpoint of ultrasound imaging, it is fortuitous that the coronary arteries are predominantly muscular because the three-layer appearance in muscular arteries provides more detailed information about vessel wall architecture than is available in elastic arteries. Specifically, being able to identify media offers the prospect of accurate tracking of the effect of catheter-based therapies on the vessel (e.g., determining what extent of media is exposed by a dissection after percutaneous transluminal coronary angioplasty or monitoring how close an atherectomy pass comes to the medial layer). What is of concern in the data presented by Potkin and others in this respect is the inability to identify the plaque-media interface in some severely diseased arteries. This limitation may be due in part to the use of a single two-dimensional image to assess this border region. During clinical studies, real-time information from adjacent segments gives a much clearer three-dimensional concept of vessel wall architecture, and the borders between layers become more obvious. The problem of acoustic shadowing by calcification mentioned by the authors is also a phenomenon that seems to be less troublesome in the actual clinical studies by virtue of the threedimensional information provided by moving the catheter along the segment of interest.
The relatively low incidence of successful identification of lipid-filled plaque is another clinically relevant finding in this study. It could be of considerable value to be able to identify lipid-filled plaques and, ideally, identify morphological factors influencing the likelihood of plaque rupture. Intravascular ultrasound has the potential to make such discriminations, but as Potkin et al conclude from their study, the effects of adjacent areas of plaque fibrosis and calcification can make interpretation of these regions difficult in some cases. Again, the full information available from a real-time scan along the segment in question may improve the accuracy of imaging this type of plaque.
Further technical advances in instrumentation may also impact on these problematic areas for intravascular ultrasound. Three-dimensional imaging of vessel segments appears to be a reasonably straightforward extension of current computer imageprocessing technology. 21 The intravascular images can be accumulated as a series of two-dimensional cross-sections that are gathered as the catheter is passed through a region of interest and then displayed in three dimensions to help define layer thickness and other important details. Preliminary work has also been published on the application of computer-based, ultrasonic tissue characterization methods to enhance the accuracy of plaque discrimination by ultrasound catheters. 22 The high frequencies of the transducers used in catheter imaging and the close juxtaposition to the target tissue are highly favorable conditions for the successful application of tissue characterization techniques.
Refinement in ultrasound catheter technology is proceeding at a very rapid pace, with a priority on development of truly low-profile, flexible catheters for coronary imaging. The combination of imaging with various therapeutic modalities (e.g., balloons, atherectomy, and lasers) is being evaluated by engineering groups.2324 Development of a forwardlooking ultrasound catheter could be highly useful in assessing the characteristics of an atheromatous lesion without the requirement of physically crossing the lesion.
As the prototype catheter ultrasound units develop into stable first-generation systems, clinical trials are being initiated to identify areas of practical clinical value. Many critical questions will need to be answered: Are there morphological features of the ultrasound images that have prognostic value in determining the natural history of a given lesion or suitability for a particular theory? Can highresolution imaging be used to improve the results of angioplasty, atherectomy, and the other secondgeneration catheter therapies? Is imaging sufficiently time-and cost-effective to be incorporated into interventional procedures on a routine basis?
Even with an aggressive schedule of clinical trials, it will probably be several years before a general perspective begins to emerge concerning the practical applications of catheter ultrasound. For the present, the major priority for clinical investigators must be to catalog and analyze clinical images from a wide variety of vascular processes and interventions.
